SUMMARY 27
Classical swine fever virus (CSFV) causes a highly contagious disease in pigs that can range 28 from a severe hemorrhagic fever to a nearly unapparent disease, depending on the virulence of the 29 virus strain. Little is known on the viral molecular determinants of CSFV virulence. The 30 nonstructural protein NS4B is essential for viral replication. However, the roles of CSFV NS4B for 31 viral genome replication and pathogenesis have not yet been elucidated. NS4B of the GPE 32 vaccine strain and of the highly virulent Eystrup strain differ by a total of seven amino acid residues, 33 two of which are located in the predicted trans-membrane domains of NS4B and were described 34 previously to relate to virulence, and five residues clustering in its N-terminal part. In the present 35 study, we examined the potential role of these five amino acids in modulating genome replication and 36 determining pathogenicity in pigs. A chimeric low virulent GPE -derived virus carrying the complete 37
Eystrup NS4B showed enhanced pathogenicity in pigs. The in vitro replication efficiency of the 38 NS4B chimeric GPE − replicon was significantly higher than that of the replicon carrying only the two 39
Eystrup-specific amino acids in NS4B. In silico and in vitro data suggest that the N-terminal part of 40 NS4B forms an amphipathic α-helix structure. The N-terminal NS4B with these five amino acid 41 residues associated the intracellular membranes. Taken together, this is the first gain-of-function 42 study showing that the N-terminal domain of NS4B can determine CSFV genome replication in cell 43 culture and viral pathogenicity in pigs. 44
INTRODUCTION
reporter protein than the replicon representing the parental GPE − vaccine strain [Fig. 3(b) and 3(d)]. 125 (aa 40-81) is an essential segment for alternation of the fluorescent pattern. 151 A membrane flotation assay was used to further characterise the predicted membrane 152 association of the α2-helix of NS4B. A representative Western blot from a membrane flotation 153 experiment with extracts from SK-6 cells expressing NS4B(40-81)-GFP from the GPE − strain is 154 shown in Fig. 5(d In order to clarify the roles of intracellular membrane association mediated by the N-terminal helix mutant (rGPE − -N pro -Luc-IRES-NS3/NS4B HMT) was significantly low compared with the 177 luciferase activity of the parental GPE − replicon [Fig. 6(a) ]. This was similar to that of the 178 replication-deficient replicon, indicating that the replication capability was completely abolished by 179 the mutations. In the mono-cistronic replicon assay, the helix mutant behaved similarly as the 180 replication-deficient replicon [Fig. 6(b) ]. Altogether, these data indicate that intracellular membrane 181 association mediated by the N-terminal domain of NS4B is critical for RNA replication in cell culture. 182
183
The N-terminal domain of NS4B modulates subcellular localisation. 184
In order to determine the subcellular distribution of the N-terminal domain of NS4B, 185 co-localisation experiments were performed in SK-6 cells expressing the GFP-tagged fusion proteins. 186
As shown in Fig. 7(a) , the fluorescence pattern of the GFP-tagged N-terminal domain of NS4B, 187 NS4B(40-81)-GFP and NS4B(1-81)-GFP, appeared to partially overlap with the endoplasmic 188 reticulum (ER). The co-localisation efficient was the same level of the entire NS4B [ Fig. 7 
These data indicate that the N-terminal amphipathic helix determines the subcellular localisation of 190 . 191 192 
NS4B

DISCUSSION
193
In CSFV, the nonstructural protein NS4B is essential for viral replication (Behrens et al., 1998). 194 Our previous study demonstrated that the two amino acid residues that differ between the vaccine 195 strain GPE − and its parental strain ALD in the predicated trans-membrane domains of NS4B can 196 modulate viral genome replication and influence the pathogenicity of the virus in pigs (Tamura et al., 197 2012) . Here, we generated GPE − -derived virus carrying the complete NS4B of the Eystrup strain, in 198 order to determine whether the additional five amino acid differences in the N-terminal domain of 199 NS4B may contribute to the different pathogenicity in pigs. The GPE − -derived virus carrying NS4B 200 of the highly virulent Eystrup strain resulted in more severe clinical symptoms, earlier and prolonged viremia compared with the virus carrying only the two amino acid substitutions in the predicted 202 trans-membrane domains. These data indicated that the N-terminal domain of NS4B may 203 represent a virulence determinant in vivo. However, as expected, NS4B from the Eystrup strain did 204 not confer a full high virulent phenotype to the GPE − -derived virus, demonstrating that additional viral 205 proteins and amino acid residues are involved in determining the virulence of the Eystrup strain. In 206 addition, the specific residues identified in this study as critical for determining virulence in pigs are 207 not general virulence determinants in CSFV (Fig. 8 ). This suggests that the virulence of CSFV is 208 more likely a multi-genic trait determined by a complex interplay of several viral proteins or genes 209 acting in concert as already postulated in previous studies (Leifer et al., 2013; Tamura et al., 2012) . 210
To the best of our knowledge, this is the first study to show that the N-terminal domain of CSFV NS4B 211 can confer enhanced pathogenicity to a low virulent virus, which was related to an enhanced viral 212
replication. 213
The five amino acid residues differing between the GPE − and Eystrup strains in the N-terminal 214 domain of NS4B clearly determine the RNA replication efficiency of replicons in vitro. In previous 215 studies, two types of replicons were utilized for studying RNA replication: Mono-cistronic (Risager et 216 al., 2013) and bi-cistronic (Behrens et al., 1998) . The minimal viral elements required for RNA 217 replication by pestiviruses including CSFV are NS3-NS5B, together with the 5′ and 3′ UTRs 218 (Behrens et al., 1998) . In addition to these minimal elements, the bi-cistronic replicon carries an 219 artificial internal ribosomal entry site (IRES) derived from the encephalomyocarditis virus (EMCV), a 220 luciferase reporter gene, and the viral auto-protease N pro for optimal translation and processing of the 221 reporter protein. The replicative properties of this replicon may however be modified by the EMCV 222 IRES. For these reasons, a mono-cistronic replicon was included. Comparable results of 223 NS4B-dependent differences in RNA replication were obtained with the two types of replicons, 224 strengthening the data. 225
The granular fluorescent signal derived from the N-terminal domain of NS4B was partially candidate site of the replication complex in infected cells. However, the major part of the N-terminal 229 domain of NS4B detected the different fractions of the ER marker, calnexin. Thus, further studies 230 will be needed to identify the exact subcellular localisation of the replication complex including the 231 natural NS4B in CSFV infected cells. It was described that BVDV NS4B alone can rearrange the 232 host membrane (Weiskircher et al., 2009) as well as HCV NS4B (Egger et al., 2002) , suggesting that 233 pestivirus NS4B might act as a trigger for building replication complex. So far, however, pestivirus 234 replication is considered not to remodel cytoplasmic host cell membranes (Schmeiser et al., 2014) as 235 opposed to HCV which induces organelle-like structures designated as the membranous web where 236 the formation of the viral replication complex is triggered (Romero-Brey et al., 2012) and to other 237 positive-strand RNA viruses (Knoops et al., 2008; Kopek et al., 2007; Spuul et al., 2007; Welsch et al., 238 2009 ). Therefore, we hypothesize that the role of pestivirus NS4B may be partially different from 239 that in other members of the Flaviviridae. Further studies on the functions of the pestivirus NS4B 240 will allow to clarify how the NS4B-dependent modulation of RNA replication may relate to differences 241 in viral replication, morphogenesis and virulence. 242
Intracellular membrane association mediated by the N-terminal amphipathic domain of NS4B is 243 essential for RNA replication. This amphipathic structure is conserved among CSFV strains ( Fig. 8) . 244
Interestingly, the amino acid differences in the N-terminal part of NS4B between the prototype 245 vaccine virus and the highly virulent strain studied here are located on the predicated hydrophilic 246 face of the amphipathic α2-helix. These residues are not conserved with respect to virulence of 247 CSFV, however, the amino acid differences among CSFV strains were found mostly on the 248 hydrophilic face of the amphipathic α2-helix, suggesting that the functional differences observed may 249 depend on subtle structure-related differences in association with host proteins and/or other viral 250 nonstructural proteins, modulating replication complex formation, RNA replication and eventually 251 pathogenicity of the virus in pigs. For HCV, the N-terminal amphipathic α2-helix of NS4B is critical cytoplasmic NS4B are responsible for virus production (Gouttenoire et al., 2014) . 255
In summary, this is the first study showing the roles of intracellular membrane association 256 mediated by the N-terminal domain of CSFV NS4B in viral RNA replication and pathogenicity in pigs. 257
Further studies are required in order to understand the functionality of the pestivirus replication 258 complex at the molecular level, and how this affects pathogenicity in pigs. Understanding the 259 molecular mechanisms involved in viral replication and pathogenesis will permit designing effective 260 tools for controlling the disease. 261
262
METHODS
263
Ethical statement 264
The animal experiments described here were approved by the Animal Welfare Committee of the 265 Canton of Berne with the license number BE94/12, and conducted in compliance with the Swiss 266 animal protection law and with the national and international animal experimentation guidelines. 267 268
Viruses and cells 269
The CSFV strains, (vGPE − /N136D; T830A; V2475A; A2563V), (vGPE − /N136D; T830A; Eystrup 270 NS4B) and (vEy-37) which is identical to Eystrup were derived from the full-length cDNA clones, i.e., 271 pGPE − /N136D; T830A; V2475A; A2563V (Tamura et al., 2014), pGPE − /N136D; T830A; Eystrup 272 NS4B and pEy-37 (Mayer et al., 2003) , respectively. All of the cDNA-derived viruses were rescued 273 as aforementioned (Moser et al., 1999) . The complete genomes of the rescued viruses were 274 verified by nucleotide sequencing to exclude any accidental mutations. SK-6 cells were propagated 275 at 37°C in the presence of 5% CO 2 in Eagle's minimum essential medium (Nissui Pharmaceutical) 276 supplemented with 0.3 mg/ml L-glutamine and 7% horse serum (Life Technologies). 277
The cDNA clone of the mono-cistronic replicon carrying the Gaussia luciferase reporter gene, 280 pGPE − 2GL, was constructed from rPad2GL (Risager et al., 2013) by replacing the genome of the 281
Paderborn strain with that of the GPE − strain applying the In-Fusion ® HD Cloning (Clontech) 282 techniques as described previously (Tamura et al., 2012) . The cDNA clone of rPad2GL was a gift of accordingly generated from the parental clones (pGPE − -N pro -Luc-IRES-NS3 and pGPE − 2GL) by 296 mutagenesis described above. 297
In order to construct the GFP, the NS4B construct with a C-terminal GFP-tag and the truncated 298 versions thereof, the cDNA fragments of the respective regions of the GPE − and Eystrup strains were 299 obtained using reverse transcription and PCR, and the GFP fragments were cloned into the pCI 300
Mammalian Expression Vector (Promega) with In-Fusion ® HD Cloning and appropriate restriction 301 enzymes. Details of the constructs are available on request. 302 expression vectors and PCR fragments from viral RNA was performed using a BigDye Terminator 307 v3.1 Cycle Sequencing Kit (Life Technologies) and a 3500 Genetic Analyser (Life Technologies). 308
The sequencing data were analysed using Genetyx ® -Network version 12 (Genetyx). 309 310
Antibodies and markers 311
The E2-specific monoclonal antibody (mAb) HC/TC26 (Greiser-Wilke et al., 1990) was kindly 312 provided by I. Greiser-Wilke (Hannover Veterinary School, Hannover, Germany). The mAb against 313 viral NS3, 46/1 was generated previously (Kameyama et al., 2006a) . The antibodies against 314 cellular organelles, GAPDH and calnexin were purchased from Cell Signaling Technology and Enzo 315
Life Sciences, respectively. The mAb against GFP was obtained from Santa Cruz Biotechnology. 316
A secondary antibody, FITC-conjugated goat anti-mouse IgG, was purchased from MP Biomedicals, 317
and Alexa Fluor 488 F(ab') 2 Fragment of Goat Anti-Mouse IgG (H+L) was obtained from Life 318
Technologies. Fluorescent probes for detecting the ER (ER-Tracker) was purchased from Life 319
Technologies. For counterstaining of the cell nuclei, 4′, 6-diamino-2-phenylindole dihydrochloride 320 (DAPI) was obtained from Dojindo Molecular Technologies. 321 322
Virus titration 323
The virus titres were determined by end-point dilution with SK-6 cells and immunoperoxidase 324 staining using anti-E2 mAb HC/TC 26 or anti-NS3 mAb 46/1 as described earlier (Mittelholzer et al., 325 1997; Sakoda et al., 1998) . The titres were calculated using the Reed and Muench formula and 326 expressed as the 50% tissue culture infective dose (TCID 50 ) per ml (Reed & Muench, 1938) . The body temperature and clinical scores were monitored daily according to a defined scoring 334 system as described previously (Mittelholzer et al., 2000) . Whole blood was collected for serum 335 preparation at 3 days before infection and on days 3, 4, 5, 6, 7, 10 and 12 post-inoculation (pi). 336
The pigs that survived the infection were euthanized on day 14 pi. The virus titres in the serum 337 samples were expressed as the TCID 50 ml −1 . 338 339
Luciferase assay 340
Luciferase assays using bi-cistronic replicons were conducted as previously described (Tamura 341 et al., 2012) . In brief, 10 6.0 SK-6 cells were electroporated with 1 µg of replicon RNA. 342
Electroporation was performed at 200 V and 500 µF. At different times after transfection, cell 343 extracts were prepared with 200 µl of passive lysis buffer, and the firefly luciferase activity was 344 measured using a Luciferase Assay System (Promega) and a Lumat LB9507 luminometer 345 (Berthold). 346
Luciferase assays with mono-cistronic replicons were performed as aforementioned, with some 347 modifications (Risager et al., 2013) . Electroporation was conducted under the conditions described 348 above. At the time indicated, 50 µl of cell medium was harvested from the supernatants of cells 349 transfected with replicons, which was then frozen at −20°C. After thawing, 20 µl of the cell medium 350 was analysed to determine the Gaussia luciferase activity using Renilla luciferase substrate and a 351
Lumat LB9507 luminometer. 352
The results representing the luciferase activities that were compared with the luciferase activity 353 of the replicon devoid of polymerase activity at the initial timepoints were measured on the basis of 354 three independent experiments. 355
Technologies) and Opti-MEM (Life Technologies), according to the manufacturer's protocol. At the 359 time indicated, SK-6 cells grown on an eight-well chamber slide (Matsunami) were fixed and stained 360 as aforementioned (Sharma et al., 2012; Yamasaki et al., 2012) . Anti-GFP mAb as the primary 361 antibody was used at a concentration of 1 mg ml −1 . As the secondary antibodies, FITC-conjugated 362 goat anti-mouse IgG (1: 2500) or Alexa-Fluor-conjugated IgG (1: 1000) were used. In order to 363 counterstain the cell nuclei, the cells were incubated for 30 min with 2 µg DAPI ml −1 in PBS at room 364 temperature. For labeling the cell organelle, the cells were grown on 35-mm glass-based dishes 365 (IWAKI) and washed with PBS, before staining for 30 min with 100 mM ER-Tracker in complete 366 medium at 37°C with 5% CO 2 . The cells were then washed twice with PBS and pre-warmed PBS 367 was added. The fluorescent cells were analysed with a BZ-9000 (KEYENCE) microscope and a 368 BZ-II Analyzer (KEYENCE). The confocal fluorescent images were acquired using Zeiss LSM700 369 (Carl Zeiss) microscopes (upright and inverted) and ZEN 2012 (Carl Zeiss). Quantitative 370 co-localisation analysis was performed as described elsewhere (Dunn et al., 2011) . The 371 co-localisation ratio of the GFP signals with the organelle marker that represents a co-localisation 372 coefficient was quantified using ZEN 2012 software. 373 374 Membrane flotation assay 375 SK-6 cells were grown on 10-cm dishes overnight and transfected with the GFP-tagged NS4B 376 and truncated vectors or with the control GFP constructs according to the conditions described 377 above. At 30 h post-transfection (pt), the cells were re-suspended in hypotonic buffer (10 mM 378
Tris-HCl [pH 7.5], 10 mM KCl, 5 mM MgCl 2 ) containing a protease inhibitor (Complete Mini, Roche). 379
The cells were then disrupted by 20 passages through a 25G needle with 1ml syringe, ensuring 380 approximately 90% disruption. The samples were spun at 1000 × g for 5 min at 4°C to pellet the 381 cellular debris and nuclei, thereby obtaining postnuclear supernatants. A discontinuous iodixanol followed by centrifugation at 230140 × g for 24 h at 4°C in a P40ST Rotor (Hitachi Koki). In total, 384 eight equal fractions were collected from the top to bottom. Each fraction was precipitated with 385 methanol-chloroform and analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 386 followed by immunoblotting using anti-GFP, anti-GAPDH and anti-calnexin as described previously 387 (Kameyama et al., 2006b) .
For the membrane dissociation experiments, the postnuclear 388 supernatants were adjusted to 0.25 M sucrose and centrifuged at 100000 × g for 45 min at 4°C. 389
The pellet containing the membranes and their associated proteins was re-suspended in either high 390 salt buffer (1 M NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA), 100 mM sodium carbonate (pH 11.5) or 391 1% Triton X-100. After incubation at 4°C for 30 min, the samples were subjected to membrane 392 flotation followed by immunoblotting, as described above. Typically, the membrane-bound proteins 393
were associated with fractions 1-4 whereas the soluble proteins were generally present in fractions 394 5-8, which were followed by the respective protein markers. 395 396
Structure predictions and sequence analyses 397
Multiple sequence alignment and amino acid conservation analyses were performed with the 398 CLUSTALW2 program (Larkin et al., 2007) using the default parameters. The protein secondary 399 structure predictions were generated using DSC (King & Sternberg, 1996) , R., Ghasparian, A., Robinson, J. A. & McCullough, K. C. (2012) . Synthetic virus-like 522 particles target dendritic cell lipid rafts for rapid endocytosis primarily but not exclusively by 523 macropinocytosis. PLoS One 7, e43248. 524 , P., Salonen, A., Merits, A., Jokitalo, E., Kaariainen, L. & Ahola, T. (2007) , T., Nagashima, N., Ruggli, N., Summerfield, A., Kida, H. & Sakoda, Y. (2014) . Npro of 528 classical swine fever virus contributes to pathogenicity in pigs by preventing type I interferon 529 induction at local replication sites. Vet Res 45, 47. 530 reveals synergistic virulence determinants in E2 and NS4B. J Virol 86, 8602-8613. 533 Weiskircher, E., Aligo, J., Ning, G. & Konan, K. V. (2009) . Bovine viral diarrhea virus NS4B protein 534 is an integral membrane protein associated with Golgi markers and rearranged host 535 membranes. Virol J 6, 185.  536   Welsch, S., Miller, S., Romero-Brey, I., Merz, A., Bleck, C. K., Walther, P., Fuller, S. D., Antony,  537   C., Krijnse-Locker, J. & Bartenschlager, R. (2009) , T., Suzuki, A., Shimizu, T., Watarai, M., Hasebe, R. & Horiuchi, M. (2012) . The CSFV genome and the viral proteins N pro , E2 and NS4B of the GPE − vaccine strain and of 555 the highly virulent Eystrup strain are depicted schematically. The amino acid differences related to 556 virulence reported previously (Tamura et al., 2014; Tamura et al., 2012) GPE − -derived bi-cistronic (a) and mono-cistronic (b) luciferase reporter replicons carrying the 574 GPE − NS4B or its NS4B with the two mutations V2475A and A2563V or the complete NS4B of the 575 highly virulent Eystrup strain were utilized.
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#" indicates the locations of the five amino acid 576 differences (2377, 2391, 2398, 2399 and 2414) in the N-terminal domain of these strains.
replicons encoding an inactive NS5B polymerase were used as controls. After the indicated 579 incubation periods, the firefly luciferase activity from cell lysates (c) and the Gaussia luciferase 580 activity from cell culture supernatants (d) was measured as described in METHODS. Results that 581
represented the mean values of the luciferase activity compared with the luciferase activity of the 582 replicons devoid of NS5B polymerase activity at the initial timepoints were obtained from three The amino acid sequences in the N-terminal domain (aa 1-81) of selected CSFV strains of low, 631 moderate and high virulence were aligned. The hydrophilic amino acids are highlighted in gray. 632
The amino acid differences between the GPE − and Eystrup strains are marked with an asterisk. A 633 dot indicates the same amino acid as for the GPE − strain. 
